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ABSTRACT 
The whole genome sequences from a wide variety of species including 599 viruses, 
and viroids, 205 naturally occurring plasmids, 185 organelles, 31 eubacteria, seven archaea, 
one fungus, two animals and one plant are available. Of approximately 30,000-40,000 genes 
in human genome, 2000-3000 coded for transcription factors play the central role in control 
of cell development, cell growth and differentiation. Abnormal activity of transcription 
factors often leads to diseases. Elucidating the transcriptional regulatory network will be the 
next challenge of the post-genomic era. Gene regulation initiates from the selective binding 
of transcription factors to a particular DNA site. It is unclear how transcription factors 
specifically recognize the correct sites out of hundreds or thousands potential sites in the 
genome. We investigated the DNA recognition sites functionally mapped by biochemical 
and biophysical approaches and also from the structures of transcription factor-DNA 
complexes that have been solved by X-ray diffraction or NMR techniques. The purpose of 
this study is to find whether there is a simple code for transcription factor-DNA recognition. 
Our analyses show that (i) the length for DNA recognition sequences is typically from 4-10 
bases; (ii) there is no GC or AT preference for the sequences in our study; (iii) positively 
charged amino acids-Arg and Lys are found to make the majority of contacts with base and 
phosphate; (iv) some favored interaction pairs, Arg-G, Lys-G and Glu-C, are observed in our 
studies. However, no simple code for transcription factor-DNA recognition could be 
obtained in our study. A relational database for storing and retrieving collected data is 
generated to demonstrate the importance of database in computational biology. 
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PART I GENERAL INTRODUCTION 
From the birth of a new life to its later developmental stages, such as baby, child, and 
adult, these processes are tightly regulated by gene expression. Now we know that all the 
genetic information is stored in DNAs. The sequence of DNAs is loyally passed to RNAs, 
the so called transcription, and from the mediators, RNAs, to proteins, so called translation, 
through a universal translation mechanism, so called genetic code. This code is used by 
majority the organisms including viruses, bacteria, fungi, plants, animals. It tells us that a 
living cell, no matter from prokaryotes or eukaryotes, the dynamic transcription and 
translation processes of genetic information are the same for all the organisms, from DNAs, 
to RNAs and to proteins, so called central dogma. The transcription and translation regions 
in the entire DNA sequence, called genome, are activated in some of developmental stages 
and are inactivated in other development stages. These transcribed regions are called genes. 
Genes are turned on or off at the certain time to control cell development, growth and 
differentiation. How do cells know what time and what genes should be turned on and what 
time and what genes should be turned off? People do not fully understand the whole process 
for relatively complex organisms, for instance, bacteria, fungi, plants, mammals. Some very 
simple organisms such as viruses, the whole transcription mechanism has been solved at a 
certain level. People are still trying to understand the whole development process for 
prokaryotes and eukaryotes. 
How much so far, do people know how certain genes are turned on or turned off at 
the certain time? The entire genetic information is stored in the sequence of DNAs. The 
actual workers in the cells are the proteins, which interact with each others and other 
molecules to form a metabolic network maintaining and fulfilling cell's normal functions. 
The information in the sequence of DNAs is transcribed into RN As, which are translated into 
the protein. The code for translating nucleotide sequence into amino acid sequence has been 
understood. Proteins have diverse functions in a cell. Among these, an important function is 
binding to nucleic acids and thus modulating the processes of transcription. These DNA 
binding proteins are responsible for turning on or off a signal. For example, they are 
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involved in synthesis of molecules, such as lipid, carbohydrate, hormone, or small inorganic 
and organic compounds. The expression of all genes is initiated by specific binding of 
regulatory proteins called transcriptional factors to specific DNA sites called promoter or 
enhancer. In this genomic era, biologists become possible to predict all the genes using 
available whole-genome sequence for more than 800 organisms (organelles, viruses, bacteria, 
archaea and eukaryota) using bioinformatics tools. The next question is to determine when, 
where and what level these genes express. Binding of certain transcriptional factors to 
promoter region of a certain gene determines gene expression level, place and time. 
Understanding of the mechanism of specificity of gene expression in term of place, time and 
level is important for people to control our life. 
I searched The Protein Data Bank (http://www.rcsb.org/pdb/) for the solved X-ray or 
NMR structures of transcriptional factors and their bound DNA sequences. About 50 
structures with both transcriptional factor and DNA were found. I also searched PubMed 
(http://www.ncbi.nhn.nih.gov/entrez/query.fcgi) for transcriptional factors and their DNA 
recognition sequences and 1432 papers were found. About 100 out of 1432 papers have 
reported detail biochemical study on DNA recognition sites. Transcriptional factors employ 
a variety of DNA recognition mechanisms to their DNA binding sites. What I did for my 
master thesis is to analyze these binding sites for transcriptional factors from all available 
information and try address the following questions: (i) cluster of transcriptional factor 
binding sites, whether this cluster is correlated with known signal transduction pathway; (ii) 
what is the frequency of A, T, G, and C in these binding sites? What frequency of the first 
nucleotide is A, T, G or C, and second, third and forth? (iii) what are DNA binding motifs of 
transcriptional factors from 50 solved structure papers? What is the frequency of positive, 
negative, polar and non-polar residues in these motifs? (iv) is there any code for the specific 
recognition between transcriptional factor and their DNA binding sites? 
In the first part of my thesis, I will address the importance of transcriptional factors 
and their binding to the recognition sites. In the second part, I will present the results on the 
analysis of binding sites. In the third part, I will summarize the general rules for protein-
DNA interactions, and present our analyses on whether there is a code for these interactions. 
In the forth part, the importance of databases in biology will be summarized and then a 
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database for the interaction between transcription factors and their DNA cognition sites will 
be demonstrated. 
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PART II THE IMPORTANCE OF TRANSCRIPTIONAL FACTORS AND 
THEIR BINDING TO THE RECOGNITION SITES 
The initiation of eukaryotic transcription process is triggered by binding of 
transcription factors to their DNA recognition sites. The transcription factors bind to the 
certain DNA binding sites 
and initiate expression of a 
certain group of genes. 
Each signal transduction 
pathway interacts with 
others, integrating a circuit 
of signal transduction 
network. For example, Dr. 
Weinberg (2000) 
summarized the maJ or 
signal transduction 
pathways, such as WNT, 
TGF{J, cytokine, PKC, 
PKA, growth and survival, 
Growth ~t,.1.0r& + 
{e.g.TGfo) 
Figure 1. An example of integrated circuit in a cell from Cell, 100, 
57-70, 2000 
and death factors, in a living cell (1). Each pathway involves certain signaling events from 
intercellular and intracellular molecules to transcriptional factors, and then these 
transcriptional factors enter into nucleic and bind to their recognition sites, initiating the gene 
expression process (Figure 1 ). The entire signal transduction pathways are extremely 
complicated. Researchers dissect the entire network into individual pathway and are trying 
to understand the whole process for each single pathway. This approach might be changed or 
improved in the future since the each individual pathway typically crosses with other 
pathways and more genome sequence information and genome level techniques and 
computational tools are available for biology study now. 
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Here, a few examples are given to demonstrate the importance of interaction between 
transcription factors and their DNA recognition sites. The first example is the TGF,8-Smad 
signaling pathway. Transforming growth factor-,8 (TGF,8) binds to its receptors, leading 
formation of a receptor complex. The phosphorylation of the receptors activates the receptor-
regulated Smad transcriptional 
factors (R-Smads). These R-
Smads form oligomers with the 
common mediators Smads 
(Co-Smads) and enter the cell 
nucleus, where they regulate 
gene expression, such as PAI 
and other genes (Figure 2). It 
has been reported that 
expression of the genes PAI, 
MMP13 and COLJA2 
increased by TGF ,83 treatment 
since Smads bind to their 
recognition sites m the 
promoter region. 
The second example is 
the cAMP-PKA-CREB 
TGF- p 
T:ype 11 • '"" T:ype I 
C~I . 
Receptors ~"' Receptors 
Membrane • • · ' 
/ i 
Smad4 i - Osmad3 
~ J 
W:W , "' 
Nuclear 0~~~ 
Membca&i&J I 
mRNA 
- ~ ;---ill-~ I (Gene encoding i nhi bi tor of protease 
~~========== that degrades extracel I ul ar matrix 
PAl-1 proteins) 
unknown transcription factors 
Figure 2. The TGF ,8 signaling pathway based 
published report on internet 
pathway (Figure 3). It has been showed that concentration of cAMP increased after 
Forskolin and IBMX treatment. Higher cAMP concentration (i) activates protein kinase A, 
(ii) activated protein A enters into nucleus and phosphorylates CREB, (iii) phosphorylated 
CREB binds its DNA recognition site (TGACGTCA, called cAMP regulated element, CRE) 
and enhances the gene expression (2). 
As discussed in the introduction, individual pathway typically crosses with other 
pathways. The signal transduction in a living cell is a network. Genome level approach such 
as microarray and proteomics technology has been widely used in solving the entire network. 
Eight research labs collaborate together to study the signaling network in B lymphocytes 
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using microarray approach. Analysis of these microarray data by the bioinformatics tools 
could identify/discovery new binding sites of transcriptional factors in the genome level. 
From their website http://www.afcs.org/, many genes have been identified by the treatment 
of a variety of intercellular molecules. By 24 hour BAFF (B Cell Activating Factor) 
treatment, the expression level of 393 (174+219) genes has changed whereas the expression 
level of 374 (174+ 155) genes has changed at 48 hour treatment. The expression of 174 
changed for both 24 and 48 hour treatment. Microarray analysis of 24 and 48 hour BAFF 
treatment indicates that global gene expression is indeed time-dependent. The expression for 
the same 327 (88+239) genes has changed (increased or decreased) either for 24 hour BAFF 
treatment or 24 hour anti-CD40 treatment (Figure 4). It means that BAFF pathway crosses 
with anti-CD40 pathway in the B lymphocytes. The same is true for 24 hour BAFF and anti-
CD40 treatment. Analysis of treatment with BAFF or anti-CD40 demonstrates that 
individual pathway crosses other pathways, constructing a signaling network in a living cell. 
The interaction between transcriptional factors and its DNA binding sites is strictly 
controlled by time, place and also these interactions coordinate each other, performing 
normal :functions in a cell. If anything goes wrong with the interaction between transcription 
factors and their DNA binding sites, it might cause diseases. Transcription factors could 
mutate by all kinds of reasons during the cell development process. Mutated transcription 
factors might lose the ability to bind their DNA recognition sites, this could cause problem 
for the cells. The DNA binding sites for transcription factors could be mutated by a variety 
of factors, this might change the programmed cell development too. The figure 5 shows two 
examples, the modification in the DNA binding sites for HNF3 and PDXl could lead to 
breast cancer while the mutated HNF3 or PDXl could cause diabetes type-2. Another 
striking example is p53 DNA binding domain, which is found more than 50% mutations in 
human cancers. In the normal cells, the binding of transcriptional factors to their DNA 
recognition sites is strictly regulated. If transcriptional factors bind to their DNA recognition 
sites at improper time, it also causes diseases. For instance, overexpressed c-Myc, a 
transcriptional factor, in the B lymphocytes, could cause B cell lymphoma. In this case, the 
binding between c-Myc and its binding site is normal, however, this binding loses the 
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regulation by more than needed c-Myc in the cells. These examples clearly demonstrate the 
importance of the interaction between transcriptional factors and their DNA recognition sites 
In summary, transcription regulation controls cell development, cell growth and 
differentiation. The key player in the initiation of this process is the binding between 
transcription factors and their DNA recognition sites. Local and global gene expression 
pattern is determined by these interactions. Abnormal binding then leads to diseases. I will 
present more details on the binding parameters in the following parts of my thesis. 
Exterior 
Adenytyl 
cyclase 
G3 protein-
coupl~ed 
receptor 
Cytosol Nucleus 
Figure 3. Signaling pathway leading to activation of transcription factors and modulation of 
gene expression following ligand binding to certain GS protein-linked receptors based on 
published report on internet 
8 
219 genes 
603 genes 
Anti-CD40 
87 ge 
Figure 4. BAFF and anti-CD40 treated experiments from 
http://www.afcs.org/ 
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Transcription Factor Binding to DNA 
ON/OFF 
In Reality 
Breast cancer 
Promoter is hypermethylated - Transcription Factor cannot bind 
Diabetes Type-2 
Pdx-1 
Transcription Factor Mutated - it can not bind 
Figure 5. The importance of binding of transcription factor to their DNA binding sites 
based on published report on internet 
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PART Ill REGULATORY ELEMENTS-DNA RECOGNITION SITES OF 
TRANSCRIPTIONAL FACTORS 
Biological systems store their genetic information in the DNA sequences. 
Deciphering this sequence information is now at genome scale since people have gained 
access to several complete model genomes including 599 viruses, and viroids, 205 naturally 
occurring plasmids, 185 organelles, 31 eubacteria, seven archaea, one fungus, two animals 
and one plant (3) At least of 50% human genome constitutes repeat sequences, falling into 
five classes (i) transposon-derived repeats, (ii) inactive (partially) retroposed copies of 
cellular genes, (iii) simple sequence repeats, (iv) segment duplication, (v) blocks of tandemly 
repeated sequences. About 30.000-40,000 protein-coding genes are estimated from human 
genome and the coding regions of these genes account for only 5% human genome. 
However, human genes tend to have small exons (an average of 150 bp) and separated by 
long introns (some exceeding 10 kb) (3). Understanding the fundamental principle of this 
sequence information is facing a primary challenge ofbioinformatics. 
The regulatory regions for genes in the genome function differently in different types 
of organs, tissues, cells. Different types of cells have the different abilities to respond to a 
variety of internal or external signals, even same type of cells could respond to the same 
signals differently at the different development stages. The interaction between these cis-
acting regulatory regions and transcriptional factors plays an important role in the 
development, morphogenesis and metabolism. Large-scale of identification of these 
regulatory regions in the genome in facing challenge since each regulatory element is very 
short. Only a small percentage of a vast number of potential sites in the whole genome are 
truly functional regulatory sites. Comparative genome approach combined with microarray 
technology could provide useful information on identification of these regulatory regions. In 
this section, firstly, I will briefly summarize the traditional methods to identify the single 
regulatory elements; secondly, I will give a list for the regulatory elements, which are found 
in the published literatures; thirdly, I will present the results from analyzing these regulatory 
elements. I will try to answer very simple and basic questions. Are there any GC or AT 
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preferences in these regulatory elements? How many base pairs in these regulatory elements? 
Are there any A, T, G, C preference in the first, second, third and fourth 5 prime position of 
the regulatory elements? This information will be useful for genome-level identification of 
these regulatory elements. 
The earliest traditional biochemical methods to identify the cis-regulatory elements 
include DNA mobility shift assay (Fried and Crothers, 1981; Gamer and Revzin, 1981) and 
DNAsel footprinting assay (Galas and Schmitz, 1978; Dynan and Tjian, 1983). In DNA 
mobility shift assay, isotope-labeled DNA :fragments are used as a bait to find their 
interacting proteins. Protein-bound DNA :fragments migrate slower than unbound DNA 
:fragments. Octamer binding protein was demonstrated to bind its DNA binding site 
(ATGCAAAT) using this method (Lenardo et al., 1987). The same as DNA mobility shift 
assay, isotope-labeled DNA fragments are used to mix with proteins, and followed by 
enzyme deoxyribonuclease (DNAsel) digestion. Protein-bound :fragments would not be 
digested, thus they will be absent from gel electrophoresis. This method allows investigators 
to identify many protein binding sites, such as the HIV control element (Orchard et al., 1990). 
The recent method is to clone the promoter region of a certain gene into the upstream of the 
reporter genes, such as luciferase reporters. Then the constructs are transfected into a certain 
type of cells, cells are stimulated with drugs and the luciferase activity is measured, 
indicating whether this promoter region contains the desired regulatory elements. If results 
are positive, a series of deletions are performed to narrow down the regulatory response 
element. Further confirmation is carried out by site-directed mutagenesis technique. 
Hypoxia response element (HRE), transcriptional factor HIFla binding site, was identified 
by this method. Transcriptional factor binding sites could be visualized using biophysical 
techniques, such X-ray crystallization and nuclear magnetic resonance (NMR). These 
biophysical techniques allow people to see the detail of binding between transcriptional 
factors and DNAs. I will present the data on the details of the binding in the next part of my 
thesis. 
There are some review articles on a specific family or subfamily of transcriptional 
factors and their binding sites. The consensuses binding sequences are extremely similar to 
the members in the same family or subfamily. Little information was gained on the diversity 
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of those binding sites from these published literatures. Thus, I searched PubMed using key 
words--transcription factors or DNA recognition sequences. 1432 papers came out from this 
search. Most of these publications do not report the detail of DNA recognition sites. Here I 
am only able to list those, which are functionally mapped by biochemical and biophysical 
methods. Phylogenetic trees are generated using Align X module of Vector NTL 7 .0 with 
default parameters (Figure 6). Whether these phylogenetic trees are mirrors of the evolution 
processes could be further investigated. Most of DNA recognition sites of transcription 
factors are very conserved by cross-species analyses, indicating that they might originate 
from same ancestor. In general, the DNA recognition sites from same family or subfamily 
tend to be grouped together. 
Table I. Transcription Factor Recognition Sites 
Transcription DNA Recognition Sites References 
Factors 
MEF2A CTATTAATAG The EMBO Journal, Vol. 19, No. 11 pp. 2615-2628, 
2000 
SRF CC(A/T)6GG Semin. Cancer Biol., l, 47-58, 1990. 
MCMl CC(A/T)6GG Semin. Cancer Biol., l, 47-58, 1990 
Smads GTCTAGA The Journal of Biological Chemistry, Vol. 275, 
Called SBE 29308-29317,2000 
Max CACGTG The Journal of Biological Chemistry, Vol. 275, 
Called E-box 29308-29317,2000 
C/EBP TGTTGTTTGCGAAACAC The Journal of Biological Chemistry, Vol. 275, 
A 29308-29317,2000 
Fos-Jun TGACGA called AP 1 site The Journal of Biological Chemistry, Vol. 275, 
29308-29317,2000 
Rush CAGTTTC Molecular Endocrinolozy 16(9):2101-2112, 2002 
Zeste (T/C/G)GAGTG(A/G/C) The Journal of Biological Chemistry, Vol. 277, 
47385-47392,2002 
P50-p65 GGGRNYYYCC Journal Molecular Biolof!V 1999, 293, 139-150 
CREB TGACGTCA Molecular Cell, 2003, Vol. 11, 1101-1108 
Spl GGGGCGTGG Journal Molecular Biolof!V. 2003, 328, 9-32 
Egrl GCGTGGGCT Journal Molecular Biolo?Y 2003, 328, 9-32 
RXR AGGTCA Journal Molecular Biology 2000 296, 509-520 
RAR 
PPAR 
COUP 
VDR 
TR 
LXR 
Rev Erb 
NG FIB 
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Table I. (continued) 
Transcription DNA Recognition Sites References 
Factors 
STAT-1 TTCCCGTAA Cell 93, 827-839, 1998 
c-Rel AGAAATTCC Structure, 9, 669-678, 2001 
MyoD AACAGCTGTT Molecular and Celullular Biology, 20, 2000, 261-
272 
E2A TCAGGTGAor Molecular and Celullular Biology, 20, 2000, 261-
TCACCTGA 272 
SZFl CCAGGGTAACAGCCG Cancer Research 62, 3773-3781, 2002 
Ets-1 CCGGAA Nucleic Acids Research 2001, 29, 4154-4165 
Elf-1 CCGGAT Nucleic Acids Research 2001, 29, 4154-4165 
E47 CCGGAT Nucleic Acids Research 2001, 29, 4154-4165 
Runx TGPuGGTPu Journal of Biological Chemistry, 278, 11937-11944, 
2003 
LEFl C/TCTTTGAA Journal of Biological Chemistry, 278, 11937-11944, 
2003 
Kaiso TCCTGCNA Nucleic Acids Research 2002, 30, 2911-2919 
ANT CAC(A/G)N(A/T)TCCANG Nucleic Acids Research 2003, 31, 1859-1868 
DREB A/GCCGAC Nucleic Acids Research 2003, 31, 1859-1868 
Oct ATGCAAAT Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Pit-1 ATGAATAAIT Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Spl GGGCGG Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Heat shock TF CTNGAATNTTCTAGA Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
ATF T/GT/ACGTCA Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
APl TGAGTCAG Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Glucocorticoid RGRACNNNTGTYCY Eukaryotic transcription factors, Third Edition, 
receptors David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Ostrogen receptor RGGTCANNNTGACCY Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Mep-1 TGCGCCCGCC Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
Stat-2 AGTTTCNNTTTCNC/T Eukaryotic transcription factors, Third Edition, 
David S. Latchman, 1998, Academic press, San 
Diego, California, USA 
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Table I. (continued) 
Transcriptional DNA Recognition Sites References 
Factors 
HIF-lalpha TACGTGGGTTTCAACA Journal of Biological Chemistry, Jan 2001; 276: 
GGTC 2292 - 2298. 
SRF-like CC(A/T)(A/T)ANANGG Nature Genetics, volume 26 no. 2 pp 225 - 228 
Myf-like (G/A)(G/A)CAGCTG Nature Genetics, volume 26 no. 2 pp 225 - 228 
Mef2-like T(A/T)T(A/T)TTT A Nature Genetics, volume 26 no. 2 PP 225 - 228 
NF-Y CCAAT Journal of Biological Chemistry, Jan 2003; 278: 
1336 - 1345. 
hERRs AGGTCA Journal of Molecular Biology, Volume 327, Issue 4, 
4 April 2003, Pages 819-832 
HNF4 CAAAG Nature Reviews Genetics 2, 100-109 (01 Feb 2001) 
Review Article 
P53 GGACATG Science 1997 January 31; 275: 657-661 
Elk-I ACCGGAAGT Nature Structural Biology 7, 292-297 (01 
Apr 2000) Letters 
SAP-1 ACCGGAAGT Nature Structural Biology 7, 292 - 297 (01 Apr 
2000) Letters 
PH04 CACGTG The EMBO Journal Vol. 16 No. 15 pp. 4689-4697, 
1997 
CEBPalpha TTGCGCAA Journal of Biological Chemistry, 15178-15184, 278, 
2003 
GCN4 TGACGTCA Journal of Biological Chemistry, 15178-15184, 278, 
2003 
PAPI TTACGTAA Journal of Biological Chemistry, 15178-15184, 278, 
2003 
DBP TTACGTAA Journal of Biological Chemistry, 15178-15184, 278, 
2003 
AMLl TTGCGGTTG Nature Structural Biology 8, 371 - 378 (01 Apr 
2001) Article 
Pax5 GATGGGCTCCAGTGG Molecular Cell 2001 8: 1267-1276 
E2F4 CGCGCG Genes & Development, 16, 666-674, 1999 
DP2 CGCGCG Genes & Development, 16, 666-674, 1999 
P52 GGGGATTCCCC The EMBOJournal, 16, 7078-7090, 1997 
Pax6 TTTTCACGCATGAGTGC Genes & Development 13: 1263-1275, 1999 
AC 
SRF AAGTCCTAATTA The EMBO Journal, 20, 3018-3028, 2001 
NFAT TGGAAAA Nature 392 IJIJ. 42, 1998 
P50 GGGGAATCC Nature 392 DD. 42, 1998 
IRF-2 GAAAGTGAAA The EMBO Journal, 1999 18: 5028-5041 
IRF-1 GAAAGTGAAA TheEMBOJournal, 199918: 5028-5041 
Nature, 391, 103-106, 1998 
c-Myb TAACGGA Cell, 108, 57-70, 2002 
v-Mvb CTTAACGGA Cell, 108, 57-70, 2002 
AHR GCGTG Chem Biol Interact 2002, Sep 20; 141(1-2):63-76 
ARNT GCGTG Chem Biol Interact 2002, Sep 20; 141(1-2):63-76 
UAS2 TGATTGGT Crit Rev Biochem Mol Biol 1990; 25(3):185-224 
TBP TATAAA Crit Rev Biochem Mol Biol 1990; 25(3):185-224 
SREBP-2 ATCACCCCAC Biochimica et Biophysica Acta, 1529 2000, 103-113 
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Figure 6. The phylogenic tree of transcription factor recognition sites created by 
Vector NTI 7.0 
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Figure 7. The graphic display of frequency of A, T, G, Cat the first four position 
T 
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The length of transcription factor DNA recognition sites is generally ranging from 6 
to 10 nucleotides (Table I). The sequence of these binding sites is important for the 
recognition of transcription factors. Are there any A, T, G, C preference in the first, second, 
third and forth 5 prime positions of transcription factor DNA recognition sites? This 
information is summarized in the Table II and Figure 7. There is no obvious A, T, G, C 
preference for the second position starting from 5 prime end. There is C and T preferences in 
the first position; C preference in the third position; and G preference in the forth position. It 
is not clear whether these slight position preferences reflect the dynamic binding. There is 
little information on the dynamic of binding of transcription factors to their DNA recognition 
sites. Which amino acid interacts with which nucleotide or phosphate/sugar group first, what 
is second interaction, and so on? Or several interactions happen spontaneously? This 
nucleotide preference could be reexamined by more available binding sites later. Are there 
any GC or AT preference in these binding sites? GC% (or AT%) calculated from Table III is 
close to 50%, indicating that overall there is no GC or AT preferences for transcription factor 
recognition sites. However, GC% (or AT%) varies dramatically from one recognition site to 
another recognition site. DNA recognition sites of some transcription factor are 100% GC 
while some are 100% AT. There are no sufficient experimental data suggest whether there is 
a correlation between the binding affinity and GC% of DNA recognition sites. Gary D. 
Stormo (2002) found that there could be an additive correlation between length of DNA 
recognition site and binding energy (3). 
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Table II. Percentage of A, T, G, Cat the First Four Positions 
Position Genotype Count Percentage 
A 13 16.67 ....... -·-·-·-··· •········· •···············-····-····-· ..................... , ... ,_ ....... , .. _ ···-·-·-·-·-·········· c ') 1 26.92 
G 16 20.51 
1 T 25 32.05 
A 18 23.08 
c 19 24.36 
G 23 29.49 
2 T 16 20.51 
A 18 23.08 
c ' 24 30.77 
G 22 28.21 
3 T 9 11.54 
A 16 20.51 
c 13 16.67 
G 28 35.90 
4 T 17 21.79 
Table Ill. AG and TC Percentage Based on 71 Sequences 
Type i Mean Median ! Max Min N 
AT percent 49.49 50 87.50 6.67 71 
GC percent 50.51 50 93.33 12.50 71 
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PART IV INTERACTION BETWEEN TRANSCRIPTIONAL FACTORS 
AND THEIR DNA RECOGNITION SITES 
The genetic information stores in the genome DNA sequences. This genetic 
information is passed to RNAs and proteins 5,000,..---------------, 
through transcription and translation mechanism. 
Proteins interact with other proteins, lipids, 
4,500, ................... .......................................... . . ................................................................ Mv6tard -4, 000 •·---· ...... .......................................................................... -------- ,, ____ ----- ...................... , ::;m 
~ 3,500 !--------+---- -· 
'iii i 3,000 
Ci 2500 
carbohydrates, small molecules, also DNAs and f 2:000 . ................. - . ..................... . 
RNAs, to perform the normal cell function, 
including cell development, growth and 
differentiation and morphogenesis. There are 
approximately 30,000-40,000 protein-coding 
genes in the human genome sequences, which is 
about only twice as many as in worm or fly (3). 
Functional categories of these proteins include 
cellular process; metabolism; DNA 
z 1.500 . .............. ..... ....................... . 
Figure 8. Functional categories in 
eukaryotic proteomes. 
Nature, 409, 2001, 860-921 
replication/modification; transcription/translation; intracellular signaling; cell-cell 
communication; protein folding and degradation; 
transport; multifunctional proteins; 
cytoskeletal/structural; defense and immunity; 
miscellaneous function proteins. The estimated 
number of these functional categories is shown 
in the Figure 8. There are 2000-3000 proteins 
(less than 10% of total proteins) thought to be 
transcriptional factors in human genome. These 
2000-3000 transcriptional factors play central 
role in global gene expression in a cell. These 
POSITLV£.AcTING TRAN'SC!MP1"10N FACTORS 
·: •. ' I I' 
CC»llTITUTIYE REGULATORY 
_,.1 : (CONDmONAL) 
A, ~t ., D 
Figure 9. The functional classification of 
transcriptional factors 
Science, 295, 813-818, 2002 
transcriptional factors are also thought to regulate themselves, constructing a hierarch 
signaling transduction network in a cell. 
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The eukaryotic transcriptional factors could be divided into groups based on either 
functional or structural classification. Based on functional classification, the transcriptional 
factors could be divided into constitutively active transcriptional factors and regulatory 
transcriptional factors (Figure 9). The regulatory transcriptional factors could further divided 
into subclasses, such as developmental and signal dependent. The more information could be 
found in the review article (5). Based on the three dimension structure, transcriptional 
factors could be divided into five superfamilies including basic domain; Zinc-coordinating 
DNA-binding domain; helix-tum-helix; beta-scaffold factors with minor groove contacts; 
other transcriptional factors. Each superfamily could be further classified into subfamilies, 
listed in the Figure 10. 
Transcription 
Factors 
Basic Domains -[ 
Zinc Coordinating DNA- -[ binding Domain 
Helix-tum-Helix '[ 
-
Beta-Scaffold Factors 
with Minor Groove 
Contacts 
~ 
Other Transcription [ Factors 
Leucine zipper factors 
Helix-loop-helix factors 
Helix-loop-helix/leucine zipper factors 
NF-1 
RF-X 
bHSH 
Cys4 zinc funger of nuclear receptor type 
Diverse Cys4 zinc fingers 
Cys2His2 zinc finger domain 
Cys6 cysteine-zinc cluster 
Zinc fingers of alternating composition 
Homeo domain 
Paired box 
Fork head/winged helix 
Heat shock factors 
Trptophan cluster 
TEA domain 
RHR 
STAT 
p53 
HMG 
Beta-Barrel alpha-helix transcription factors 
MADS box 
TATA-binding proteins 
Cold-shock domain factors 
Heteromeric CCAA T factors 
Grainyhead 
Runt 
Copper fist proteins 
HMGl(Y) 
Pocket domain 
E1A-like factors 
AP2/EREBP-related factors 
Figure 10. The structural classification of transcription factors 
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Gene regulation starts from the selective binding of transcription factors to a 
particular DNA site out of a vast number of potential sites in the genome. It is unclear how 
transcription factors could specifically recognize the correct sites out of hundreds or 
thousands potential sites in the genome. Local DNA structure remodeling or environments 
(such as acetylation level of histone, nearby proteins) could be the key factors for the correct 
recognition. The dynamic binding process of transcription factors to their DNA recognition 
sites are not elucidated yet, however, from approximate 800 solved structures of protein-
DNA complexes in the protein data bank (http://www.rcsb.org/pdb), overall architecture of 
protein-DNA binding has been able to find in several recent reviews (6-12). Transcription 
factors utilize a variety of folds manners to interact with DNA. 
The a.helix is the most common used protein structure for DNA recognition, typically, 
the surface of a helix contacts in the major groove of B-form DNA. Several families of 
transcription factors including helix-tum-helix; homeodomain, winged helix-tum-helix, basic 
leucine zipper, basic helix-loop-helix and zinc coordinating proteins, use a helices interacting 
with DNA. In the family of helix tum helix (HTH), two helices form a relatively fixed angle 
and are connected by a tight bend. The second helix functions in DNA recognition, which 
inserts into major groove and interacts with bases, phosphates and sugars, for examples, the 
first three solved DNA-protein complexes, A. repressor, A. cro and CAP. The homeodomain 
HTH uses similar manner interacting with the major groove of DNA. Besides the second 
helix interactions, winged helix-tum-helix proteins also use an additional C-terminal wing 
contacting with DNA. An example is the Ets domain protein, PU.1. The basic leucine zipper 
and basic helix loop helix proteins share similar mechanism of binding to DNA. These two 
classes of proteins form a dimer to interact with DNA. The N-terminal parts of dimerized 
helices contact DNA by inserting themselves into major groove of DNA while C-terminal 
halves form a parallel coiled-coil with leucine residues. The examples can be seen in Max, 
E47 and MyoD-DNA complexes. Zinc-coordinating protein family contains multiple copies 
of the zinc finger domain, which insert a a.helix end into the major groove with minimal two 
zinc fingers for DNA binding. The examples can be found in zif268, Gli, TFIIIA and Gal4-
DNA complexes. The use of (3 sheet to contact DNA is not often as a helix. A few such 
examples can be found to interact with DNA, the ribbon-helix-helix proteins, MetJ and arc, 
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insert their (3 sheets into the major groove of DNA while TATA binding proteins (TBP) use a 
large (3 sheet to contact the minor groove of DNA. However, this kind of protein-minor 
groove interaction requires profound DNA distortion. The use of loops to mediate DNA 
binding has less rigid scaffold for side and main chain interaction with DNA compared to a 
helix and (3 sheet mediated DNA interaction. The variation for interaction between loops and 
bases, phosphates, sugars is much higher. The examples for this kind of interactions include 
Rel homolog domain, runt domain, p53, STAT and NFAT. In summary, post-translational 
modified or unmodified a helices, (3 sheets and loops of transcription factors are the mos\ 
used manners for DNA binding. 
The basic requirements for DNA binding are the surface contact of a helix, (3 sheet or 
loop to the major or minor grooves of DNA. The profound DNA distortions are not required 
for most cases. By having this surface contact, a series of hydrogen bonds, van der Walls 
interactions, electrostatic interactions, salt bridges form between main or side chains of 
proteins and bases, phosphates and sugars of DNA. The formation of hydrogen bonds, van 
der Walls or other interactions is modulated by extrinsic factors, such as ligand binding, or 
association with other transcription factors, and also could be facilitated through modification 
of proteins. Ligands bind the specific domains of transcription factors and cause 
conformation changes, which favor the DNA-binding domains to interact with DNA. For 
example, purine repressor forms a homodimer, which can bind DNA only with bound ligands, 
either hypoxanthine or guanine. The DNA binding of one transcription factors could 
modulated by other associated transcription factors. The example of this kind of cooperative 
interaction is seen in the ternary Ets-1/Pax5/DNA complex. The binding of Pax to DNA 
leads to reorientation of tyrosine residue (Y395) in the DNA recognition helix of Ets-1, and 
thus optimize Ets-1 to contact DNA. The similar scenario is seen in the ternary complex of 
SAP-1/SRF/DNA. The DNA recognition helices of SAP-1 and SRF directly interact with 
each other. SRF orients the tyrosine of SAP-1 and facilitate the contact of SAP-1 to DNA. 
The modification of transcription factors could modulate their DNA binding properties. For 
instances, the acetylation of transcription factors p53, E2F and GATAl has been shown to 
increase their ability to bind DNA. In addition to the direct contacts between transcription 
factors and DNAs, the most often used indirect contact is mediated by water, which serves as 
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a hydrogen bond connection to integrate the interaction between protein and DNA. In 
conclusion on the binding of transcription factors to their DNA recognition sites, a variety of 
interactions, such as hydrogen bond, van der Walls, salt bridge, and water-mediated 
interaction, form between the surface of a helix, {3 sheet or loop and the major or minor 
groove of DNA. 
The basic structural contacts 
between transcription factors and their 
DNA recognition sites have been 
summarized above. Carl 0. Pabo and 
Lena N ekludovawe (2000) have 
developed geometric methods for further 
characterizing the local structural 
environment in which particular side-
chain/base interactions are observed (8). 
These tools were used to consider how the 
position and orientation of the polypeptide 
backbone (with respect to the DNA) helps 
to determine what contacts are possible at 
any given position in a protein-DNA 
complex. For instance, in the contact 
between a helix and DNA, i-i+3; i-i+4 
patterns of a helices were observed to 
interact with their responding bases (Figure 11 ). 
(a} 
Patt11m of ctlf\tacts from i. i+4 ridge oo u heli\ll 
(b) 
Pattern of contacts from Ii 1+3 ridge on C'l helix 
Figure 11. The i, i+3, i+4 patterns in the 
interaction between a helices and bases from 
JMB, 301, 597-624, 2000 
With more than 400 structures of protein-DNA complexes deposit in the Protein Data 
Bank as of April 2003, we could have a relatively clear understanding of interaction between 
protein and DNA at atomic level. I examined each structure of these 400 protein-DNA 
complexes, some of which are transcription factor-DNA complexes, some of which are DNA 
repair protein-DNA complexes, or other kind of protein-DNA complexes. Approximately 30 
transcription factor-DNA complexes with high resolution were investigated in detail. One to 
one interaction between amino acids and bases, phosphates and sugars was examined for 
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these 30 high resolution transcription factor-DNA complexes. The purpose of this study is to 
answer (i) whether there is a relationship among the sequences of amino acid and base, which 
are involved in the interactions; (ii) what is distribution 20 amino acids, in the contact sites 
with DNA; (iii) are there any favored interactions between amino acids and bases, 
phosphates and sugars; (iv) is there any code for the interaction between transcription factor 
and DNA. 
A ~---------Pax6_TF 
~ ~ Pax5_TF 
L---HSF_TF 
Orphan_ Receptor 
RXR_TF 
~----E2F4_TF 
'-------RAR_TF 
.-------hERR_TF 
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.--------Oct1_TF 
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'----------STAT1_TF 
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.--------p52_TF 
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IRF1_PDB 
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STAT1_PDB 
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Elk1_PDB 
SAP1_PDB 
SRF_PDB 
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RXR_PDB 
RAR_PDB 
Pax6_PDB 
Figure 12. The phylogenetic trees for transcription factors (A) and DNA recognition sites (B) 
The amino acid sequences (numbered from N-terminal to C-terminal, but they are not 
continuous sequences) and DNA sequences (from 5 prime to 3 prime), which are involved in 
the interaction are imported into the Align X module of software Vector NTL The relative 
distances among these sequences are calculated by default parameters. There are presented 
as phylogenetic trees in Figure 12. The left panel presents the relationship distance among 
transcription factors while the right panel presents the relationship distance for the 
corresponding DNA recognition sequences. In general, the distance relationship for 
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transcription factors does not match perfectly with the distance relationship for their DNA 
recognition sequences although there exists correlation for some pairs of transcription factors 
and their DNA recognition sequences, for examples, transcription factors, IRF-1 and IRF-2 
are grouped most closely, and also their DNA recognition sites are closest to each other. The 
same is true for PH04 and Max. It suggests that we would not be able to predict the 
interacting amino acids from any given DNA recognition sites, and the same is true for any 
given interacting amino acids. The binding affinity for the binding of transcription factors to 
their DNA recognition sites could not be calculated accurately so far. If the parameter, 
binding affinity, is added into the specificity of interaction between transcription factor and 
DNA recognition site, people might be able to predict the interaction better. 
One-to-one interaction between amino acids and bases is counted to show the 
distribution of ammo acids 
participating in the interactions. The 
results are summarized in the Table 
IV and Figure 15. There is strong 
preference in usage of amino acids 
for base-interactions. Five amino 
acids (Leu, Met, Phe, Pro and Trp) 
out of twenty do not participate in 
any interactions with bases. The top 
four interactions with bases are 
observed from Arg (72 interactions 
out of total 235), Lys (31 out of235), 
160 ...--~~~~~~~~~~~~~~~--, 
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Nonpolar_AA Polar_AA Charge_AA 
Figure 13. The number of observed interactions with 
bases for nopolar, polar and charge amino acids 
Asn (27 out of 235) and Glu (25 out of 235). Amino acids with charge have preference for 
contacting with bases. Nonpolar amino acids have less opportunity to contact with bases 
(Figure 13). 
The next question is whether there is base preference for each amino acid (Figure 14). 
There are strong favored interactions between (i) Arg-G; (ii) Lys-G and (iii) Glu-C. The 
positive charged amino acids Arg and Lys participate favorably in contacting with Guanine 
through their pair of hydrogen bond donors. Arg and Lys could form bidentate hydrogen 
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bond interactions with Guanine. There is no other base that contains two hydrogen bond 
acceptors in the major groove, thus no base substitutions can be made for this kind 
interactions without losing binding affinity. The relatively negative environments of 
Guanine might be second reason for favored interaction with positive charge amino acids, 
Arg and Lys. In general, the interactions that involve negatively charged Glu and Asp are 
not favored due to the negative charge of the DNA. However, the interaction between Glu 
and Cytosine was found to be significantly frequent event in our analysis. The reason for this 
interaction might be due to relatively positive charge of Cytosine. Asp, another negative 
amino acid, also has preference for interacting with Cytosine over other bases. Ser and Thr 
have clear preference to interact as donor, and Ser-Thymine, Thr-Thymine interactions 
were observed slight more frequent than other bases in our analysis. Asn was predicted to 
favor the interaction with Adenine since its donor and acceptor atoms that fit the acceptor 
and donor atoms of Adenine. In our analysis, Asn interact with more frequently with both 
Adenine and Thymine. 
Ala Gly lie Leu Met Phe Pro Trp Val Asn Cys Gin Ser Thr Tyr Arg Asp Glu His Lys 
Figure 14. Graphic display of number of interactions between each amino acid and A, T, G, C 
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Table IV. Sum of Total Number of Interaction between Amino Acids and A, T, G, C 
Type I Aa SumA I SumT SumC SumG I Total ! Sub_total 
Ala 3 I 11 "······+······· .... ············+············ 
Gl 2 
Ile 1 
Leu 0 0 
! Met 0 0 
I Nonpola< r···:::.::~···~··················r····-·~·:.:·················:················~:.:·············· t·················:·················t·················:.:················t······;::.···· \ 
Asn 9 
...... 9.Y~...... ..L. . .... ?·-······--·-t··- ..... 
[. Gln .J...... 2 ···+······ 
, Ser __ } __ -+·-· _.?._ . --f--- -i.: ····-----~--·-·--···L- .. 
1.,· .. ·.·· .. -.· .. -.· .. -.· .. -.T.·.-.  .hr ..................... ',!.. 0 I 3 : 4 ................................... ; .......................................... , ........................................... L ...... o 
...... ~?!~r. +· ......... _TY! ....... \ ........ ? .... _ ........ _[__ 3 ···············-·;··········--······~····· 
[__ !.\r.8.... f. .. -- ?. ······+-- }~ ... ·········!··-·-····- 5 
9 
44 72 
............................... j 
0 0 4 
Glu 6 0 18 }·· .. -· .. ·-······· ....................... i ........................................ r-·-·-·-·-·-·-·-·-····-· .. - ·-!······ ................. ···---·-·-·-·---··· ...... .. 
l, •............... !!i~ ............ ,! .............. 2 ...................... t 
Lys 
... 9. ........ ·-t·····~····· ...... I 
1 I 25 I 
. ............. ~ .................................. ! 
2 0 7 ........... .i. 1 1 ···i 
19 3 I Charged 
............................... !' 
4 7 
34 
58 
143 
In addition to the interaction between amino acids and bases, phosphate-amino acid is 
important for the sequence specific DNA recognition. Actually, more amino acid-phosphate 
interactions are observed than amino acid-base in our data. The positive amino acids, Arg 
and Lys are predicted to favor the interaction with negative charged phosphates of DNA. 
Our analysis clearly indicates that majority amino acid-phosphate interactions are from Arg-
phosphate (82 interactions out of total 331) and Lys-phosphate (74 out of 331). Interestingly, 
every amino acid has the ability to interact with phosphates, including the negative charge 
amino acids, Asp and Glu, which might be through indirect interactions mediated by water 
molecules (Figure 15). Water-mediated interactions were observed from amino acid-base 
and amino acid-phosphate, which is estimated to occur in 30% of total interactions from our 
analysis. It indicates the importance of water molecules in the interaction of transcription 
factor-DNA complexes. Water has two donors and two acceptors and potentially rotate to 
provide either a donor or acceptor to a base, thus just two hydrogen bonds will not be specific 
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for the interactions. However, the specificity could arise when the water makes more than 
two hydrogen bonds simultaneously. Transcription factor and DNA are relatively rigid 
molecules, their deformability is limited, thus water molecules are exploited as space fillers 
for the stability of protein-DNA complexes. The amino-sugar interaction was observed from 
our study; however, this kind interaction was reported only in a small fraction of 
transcription factor-DNA complexes. More data are required to make any conclusions for 
amino acid-sugar interaction. 
To assess whether there exists a universal rule for the recognition of transcription 
factors on their DNA binding sites, we investigated one-to-one interaction among amino 
acids, bases, phosphates and sugars. We found that the same DNA recognition sequences 
could be contacted by two different transcription factors, although they might belong to the 
same family/subfamily and their binding affinity might be different. The phylogenetic trees 
for transcription factors and for their corresponding DNA recognition sequences indicates 
that no simple prediction on the other could be made by either from a given DNA recognition 
sequence or a given amino acid sequence. The observations suggest that there is no simple 
code/rule obtained from interaction between transcription factors and their DNA recognition 
sites. There indeed exists preference of amino acid involved either in interacting with bases 
or phosphates. Positive charged amino acids, Arg and Lys, are found most frequently to 
contact both bases and phosphates. Further study on amino acid-base interaction reveals 
some favored individual interactions, such as (i) Arg-G; (ii) Lys-G and (iii) Glu-C, which 
are determined by their chemical natures. This observed majority interactions between 
amino acid-base/phosphate could be a general principle that applies across all the protein-
DNA complexes. 
In conclusion, the interaction between transcription factor and DNA is a very 
complicated process, in which the three-dimension structure and primary sequence of 
transcription factors and DNAs, ligand binding or dissociation, the effect from neighbor 
transcription factors, modification of DNA structures and transcription factors, and 
participation of water molecules, all these factors coordinate together to affect the specific 
binding. Little is known so far about (i) the dynamic binding and dissociation process, which 
contact is the first, which is the second, and so on; (ii) binding affinity, which is related to 
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specificity of the binding. More sophisticated computational approach is needed to develop 
to consider all these factors governing the interaction between protein and DNA. A more 
generalized rule could emerge through further analyses. 
80 
70 
60 
50 
40 
30 
20 
~~~~#~~~~~~&~~~~~~~~ 
Figure 15. Graphic display of the number of interaction between amino acids and phosphates of 
DNA 
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Table V. Number of Interaction between Amino Acids and Phosphates 
Aa Type ! SumP 
L. .. Ala 
............. 9.1.Y.. 
Ile 
L 
..... !.1:?!.l:P?1.~!. ···i··············? ................. 1 
nonpolar .J .. .5...... .J 
nonpolar ! ! 110;;Ji·01a;:·· ... r- ... 6 ···· .. 1 
t· ·i\A;:~········ pol~;: ··r· ········ ...... , 
·······-··················· .. ·---.. -·j 
..... j 
74 
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PART V THE DATABASE OF TRANSCRIPTION FACTORS 
Biological data increase exponentially especially with the development of new 
genome-scale technology in the last decade. The amount of biological information 
accessible on Internet is truly astonishing, and the volume of data is increasing at a fast pace. 
In the near future, we are faced with a data explosion-not only in primary sequences 
(protein/nucleotide sequence), but also increasingly with the improvement of 
proteomics/genomics technology, as expression profiles, time correlation, tissue specific 
proteins (normal and abnormal), disease-
related proteins and genomes. Such studies 
will provide challenges in data organization, 
accessibility 
interpretation. 
and most importantly, 
National Center for 
Biotechnology Information (NCBI) stored 
22,318,883 records, 28,507,990,166 
nucleotides, and 110,000 species m the 
section of GenBank 
(ftp://ftp.ncbi.nih.gov/genbank/) by December, 
2002. This information is updating daily and 
The Growth of the Genbonk Dotobose 
800 
~ 700 
~ 
~ 600 -----------g 500 
:S 400 ----------
c: 
:.:::; 300 
~ 200 
.: 100 o.i.•••M•I 
Year (end of) 
Figure 16. The growth of nucleotides in 
GenBank from the published report on 
internet 
its growth curve is shown in Figure 16. Protein Data Bank (PDB) contained 21,572 protein 
three dimension structures by July 1, 2003. Nature of biological data include (i) text files, 
such as genome, genomic sequences, RNA sequences, protein sequences, post-translational 
modifications, literatures, etc; (ii) graphic files, such as gene regulation network, protein 
network, metabolic network; (iii) image files, such as three dimension protein structure, 
imaging microarray and two dimension electrophoresis pictures (Figure 1 7). Bioinformatics 
is playing central role in modem biological study. Bioinformatics is a research process, in 
which knowledge is obtained from extracting, analyzing and interpreting biological data. To 
provide scientists with easy access to massive amounts of heterogeneous and distributed 
biological data and archive accumulated knowledge, database offers a solution. 
A 
ATCTCCGC 
CGCTAGCTAA 
AATATG 
GCTAGCTAATA 
TCTCCGCTA 
ATCTCCGCTAGCTAATATG 
Consensus DNA sequence 
from shotgun sequencing 
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Enzymatic activation of 
environmental mutagen 
Figure 17. The examples of nature of data (A) text; (8) picture; (C) graphics 
Rapid progress in solving the structures of transcriptional factor-DNA complexes 
provides a wealth of new information about sequence-specific binding. To take full 
advantage of the information, a relational database on transcription factors and their DNA 
recognition sites is created in order to provide an environment that is convenient and efficient 
to (i) storing information into database (ii) retrieving information from the database. A 
relational database consists of relations (tables) containing attributes (fields or columns). 
Each row in a table is known as a tuple or a record. The information could be normalized so 
that it is non-redundant. The Entity Relation (ER) diagram is display in the Figure 18. 
Based on the ER diagram, 13 tables were designed for Transcription Factor Database using 
Microsoft Access. The tables and their relational schema are: 
tblTFName (PDB ID, TF _name, DNA_seq, Pro_seq, classification, Target_gene, 
Signaling) 
tblREF (PDB ID, Title, Journal, Year, volumn, First_page, Last_page, First_name_ 1, 
Middle_name_ 1, Last_name_ 1, First_name_2, Middle_name_2, Last_name_2, 
First_name_3, Middle_name_3, Last_name_3 First_ name_ 4, Middle_name_ 4, 
Last_name_ 4, First_name_5, Middle_name_5, Last_name_5, First_name_6, 
Middle_name_6, Last_name_6, First_name_7, Middle_name_7, Last_name_7, 
First_name_8, Middle_name_8, Last_name_8, First_name_9, Middle_name_9, 
Last_name_9, First_name_ 10, Middle_name_ 10, Last_name_ 10) 
tblAlalnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblArglnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblAsnlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
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tblAsplnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblCyslnt (TF name, aa_name, classification, A_int, T_int, G_int, C_int, P _int, S_int) 
tblleulnt {TF name, aa_name, classification, A_int, T_int, G_int, C_int, P _int, S_int) 
tblGlnlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblGlulnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblGlylnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblHislnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblllelnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tbllyslnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblMetlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblPhelnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblProlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblSerlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblThrlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblTrplnt {TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblTyrlnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
tblVallnt (TF name, aa_name, classification, A_int, T _int, G_int, C_int, P _int, S_int) 
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Figure 18. The ER diagram for transcription factor database 
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Figure 19. The TF _interaction entity is normalized to 20 amino acid entity 
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The TF _Interaction entity is divided into four subentities: charge _inter; polar _inter; 
nonpolar _inter_ l and nonpolar _inter_ 2. In order to reduce the redundancy, each of 
charge_inter; polar_inter; nonpolar_inter_l and nonpolar_inter_2 is further divided into 
single amino acid table (Figure 19). The relationship between each table is shown in Figure 
20. 
• BBC ·[Relationship~] GJ[Q:JIRJ 
Figure 20. The relationship among tables 
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A relational database on transcription is demonstrated in Figure 21-26. 
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Figure 21 . Main page of the database 
Figure 22. Data entering 
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Figure 23. Data entering continue 
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Figure 24. Data entering continue 
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Figure 26. A report 
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PART VI GENERAL CONCLUSION 
We have entered an era of enormous increases in the availability of genomic data sets 
from a wide variety of species including 599 viruses, and viroids, 205 naturally occurring 
plasmids, 185 organelles, 31 eubacteria, seven archaea, one fungus, two animals and one 
plant (2). Whole-genome functional annotation is carrying out with the assistance of 
significant computer resources. Further elucidating the transcriptional regulatory network 
will be next challenge of the post-genomic era. Regulatory regions of an individual gene can 
be experimentally mapped using transient transfection with deletion mutants, however the 
vast number, diverse distribution and combinatorial interactions of these regions render 
unlikely a successful expansion of laboratory studies to a genome-scale. The discovery of 
transcription-factor binding sites (response elements) from expression data has not yet been 
generalized from single-celled organisms to multicellular organisms although inter- and 
intra-species sequence analyses, coupled with the development of algorithms to search 
genomic databases, has provided important tools for the identification of gene regulatory 
elements at a scale not previously possible. The ultimate goal of such research would be 
physically complete models of a cell that would be developed based on a mix of empirical 
and computed data. Such models ultimately would be able to predict how a cell's genome 
and environmental factors combine to yield its phenotype. Models, therefore, would be 
powerful tools for both scientific discovery and the design of pathways or even whole 
microorganisms with novel capabilities. 
To construct a complete gene regulation network in a cell, identification of 
transcription factor binding sites in the promoter, enhancer regions of the whole genome is 
the key component. In the part II of my thesis, experimentally defined sequence-specific 
binding sites of transcription factors are summarized from published literatures. The 
collection of all published transcription factor binding sites could be served as a 
guidance/tool for genome-level locating all regulatory sites. These collected the recognition 
sites of transcription factors were analyzed to answer some basic questions (i) what is typical 
size of these recognition sites? (ii) are there any GC/AT preferences among these sites? (iii) 
are there any base preferences in the first, second, third and forth position? Our analysis 
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indicates that the typical length of DNA recognition sites is from 4-10 base pairs; there is no 
GC/ AT preference for these sites in general although there exists a dramatic variation of 
GC% among these sites, varying from 0% to 100%; base preference at different positions is 
not so obvious although there might C and G preference for third and forth position 
respectively. The sample size could be increased with more available DNA recognition sites 
later and more sequence alignments will contribute further to the definition of putative 
regulatory elements and to the determination of the evolutionary extent of regulatory 
sequence conservation across species. More generalized consensus sequences could be 
obtained from different species. This information will be extremely important for precisely 
locating the regulatory sites in the whole genome. 
The binding of transcription factor to their recognition sites initiates the gene 
express10n. Specificities of gene expression, such as a certain time, certain place, a certain 
level, are mainly controlled by the binding of transcription factor to DNA in eukaryotic cells. 
One-to-one interaction between transcription factor and DNA is investigated in the part III of 
my thesis. Some fundamental questions were addressed (i) are there any favored amino acids 
for contacting base? (ii) are there any favored amino acids for contacting phosphates? (iii) 
which is dominant interaction of amino acid-base or amino acid-phosphate? (iv) are there any 
favored pairs of amino acid-base and amino acid-phosphate interactions? (v) are there any 
codes for DNA recognition process by transcription factors? Our study indicates that there is 
no simple code/rule for DNA recognition by transcription factors although there exist some 
basic principles for these interactions, for examples, the positively charge amino acids, Arg 
and Lys, have strong preference for contacting both base and phosphate; favored Arg-G, Lys-
G and Glu-C interactions were observed; amino acid-phosphate interaction is more frequent 
than amino acid-base interaction. The complete understanding of protein-DNA interactions 
requires combinatory analyses including dynamic, affinity, secondary structure contacts, and 
single contacts between amino acid-base/phosphate. A consideration of the attributes from 
all these factors could generalize a rule for transcription factor-DNA interactions. 
Exponentially increasing biological data, from DNA, RNA, and protein sequences, to 
metabolic network, regulatory network, to three dimension protein structures, challenge 
people to organize and manage data in order to easy access and retrieve them. The database 
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is widely used to store, query, and organize and manage biological data. The Transcription 
Factor Database was created as an example in part IV of my thesis to demonstrate its 
importance in biological study at post-genome era. 
This thesis focuses on fundamental questions on transcription factor-DNA 
interactions. Data on these interactions are collected from PubMed and Protein DataBank 
and stored in a relational database. These collected experimental data are analyzed using 
computational software, such as Vector NTI and SAS. The collection of sequences and 
results from the analyses will assist in identifying whole gene regulatory network in a cell. 
Researchers are making progress in mapping regulatory sites for each gene in the genome 
(Figure 27). 
Co-regu1atcd genes .. 
- Human-mouse consorvod non·coc!ing seouBnce 
Saquerir;a<; common lo a 
subset of co-regulated genes + t 
A& 
w 
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Common sequence that is 
also conserved across species 
Nature Reviews I Genetics 
Figure 27. The identification of regulatory sites of gene in the genome 
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APPENDIX TRANSCRIPTION FACTOR-DNA COMPLEXES 
IDENTIFIED BY THEIR PDB CODES 
Name PDB DNA DNA Interacting Sequences References 
Recognition of Transcription Factor 
Sequences 
NFAT 1A02 TGGAAAA RYTERKKRNRKRQR Nature, 392, 42-
48, 1998 
c-Fos 1A02 ACT CA RRNKAAKSRRR Nature, 392, 42-
48, 1998 
c-Jun 1A02 ATGAC RRNKAAKSRK Nature, 392, 42-
48, 1998 
p50 1A02 GGGGAATCC RRYEHHKKKQRQ Nature, 392, 42-
48, 1998 
IRF-2 2IRF GAAAGTGAAA MWHARHWTKKKNRCN EMBOJ, 18: 
KGR 5028-5041, 1999 
IRF-1 2IRF GAAAGTGAAA WLWAKHWRKKNRCNSR TheEMBO 
lIFl N Journal, 18: 5028-
5041, 1999 
Nature, 391, 103-
106, 1998 
STAT-1 1BF5 TTCCCGTAA THKQRKEKETTNK Cell, 93, 827-839, 
1998 
c-Rel lGJI AGAAATTCC RRYCEKKRQKQ Structure, 9, 669-
678,2001 
c-Myb 1H89 TAACGGA KWRWSKQRERHKNWAE Cell, 108, 57-70, 
DNKNNS 2002 
v-Myb 1H89 CTTAACGGA KWRSKQRERNW ANKNS Cell, 108, 57-70, 
R 2002 
hERR lLOl AGGTCA YGEKKQRQRRRGRQK Journal of 
Molecular Biology, 
327, 819-832, 
2003 
Elk-1 lDUX ACCGGAAGT LWKKNMYDKKARYYYK Nature Structural 
KFY Biology, 7, 292-
297,2000 
SAP-1 lDUX ACCGGAAGT TLWKKNMYDKRRYYYK Nature Structural 
KNKFY Biology, 7, 292-
297,2000 
RXR lDSZ AGGTCA DKHYGEGKKRRYRNQR TheEMBO 
RER Journal, 19, 1045-
1054,2000 
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RAR lDSZ AGGTCA DYEGKRRQYRNQRSR TheEMBO 
Journal, 19, 1045-
1054,2000 
PH04 lAOA CACGTGGG KHKENRRSKKRHKENRR TheEMBO 
RSK Journal, 16, 4689-
4697, 1997 
Max lHLO CACGTGG HNERRRR Structure, 5, 509-
520, 1997 
C/EBPa lNW CCAATA YRRRNNA VRKSR Journal of 
Q Biological 
Chemistry, 278, 
15178-15184, 
2003 
HSF 3HTS GTTCTAGA FKHNSRQNYHK Nature Structural 
Biology, 6, 464-
470, 1999 
AMLl 1H9D TTGCGGTTG RKTRRGRGKITVDRR Nature Structural 
Biology, 8, 371-
378,2001 
Ets-1 1K78 CGGAGA KRRY Molecular Cell, 8, 
1267-1276,2001 
Pax5 1K78 GATGGGCTCC NGHKIGGSSR Molecular Cell, 8, 
AGTGG 1267-1276,2001 
DP2 1CF7 TTCGCGCG KLRNRRYNK Genes & 
Development, 13, 
666-674, 1999 
E2F4 1CF7 ACCGCGCGA RLKRRYDNK Genes & 
Development, 13, 
666-674, 1999 
p52 1A3Q GGGGAATCCC RRYGCEHKKSKQ TheEMBO 
c Journal, 16, 7078-
7090, 1997 
SRF IHBX AAGTCCTAAT KRVKRYTKRKKKTY TheEMBO 
1K60 TA Journal, 20, 3018-
3028,2001 
Journal of 
Molecular Biology, 
314, 495-506, 
2002 
OcA-B lCQT ATGCAAAT RTVRVKK Genes & 
Development, 13, 
2650-2657, 1999 
Oct-I ICQT ATGCAAAT QTVRCN Genes & 
Development, 13, 
2650-2657, 1999 
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Orphan- 1A6Y AGGTC DSHYEKRRYRNQRR Molecular Cell, 1, 
receotor 849-861, 1998 
Pax6 6PAX TTTTCACGCAT SNQFNGRLRRCSNGCSK Genes & 
GAGTGCAC RPRAIGGSPRV AF A WSSS Development, 13: 
NRR 1263-1275, 1999 
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